Abstract Purpose: The expression of the ETS-related gene (ERG) is low or undetectable in benign prostate epithelial cells. High prevalence of ERG overexpression in prostate cancer cells due to TMPRSS2-ERG fusions suggest for causal roles of ERG protein in the neoplastic process. TMPRSS2-ERG fusion junctions have been extensively studied in prostate cancer. However, virtually nothing is known about the nature of full-length transcripts and encoded proteins. This study focuses on qualitative and quantitative features of full-lengthTMPRSS2-ERG transcripts in prostate cancer. Experimental Design: Full-lengthTMPRSS2-ERG transcripts were cloned and sequenced from a cDNA library generated from pooled RNA of six TMPRSS2-ERG fusion^positive prostate tumors. The encoded ERG proteins were analyzed in HEK293 cells. Copy numbers of TMPRSS2-ERG splice variants were determined by quantitative reverse transcription-PCR in laser capture microdissected prostate cancer cells. Results: Two types of TMPRSS2-ERG cDNAs were identified: type I, which encodes full-length prototypical ERG protein (ERG1, ERG2, ERG3), and type II, encoding truncated ERG proteins lacking the ETS domain (ERG8 and a new variant,TEPC). In microdissected prostate tumor cells from 122 patients, relative abundance of these variants was in the following order: ERG8 > TEPC > ERG 3 > ERG1/2 with combined overexpression rate of 62.3% in prostate cancer. Increased ratio of type I over type II splice forms showed a trend of correlation with less favorable pathology and outcome.
Molecular genetic evaluations of prostate cancer are defining mutational and expression alterations of critical oncogenes involved in disease onset and/or progression (reviewed in refs. 1 -3) . Discovery of prevalent chromosomal rearrangements/ translocations leading to the activation of ETS transcription factors (predominantly ERG) through the androgen receptorregulated TMPRSS2 gene promoter underscore the critical roles of ERG-encoded protein in prostate cancer (4 -7) . Because ERG represents the majority of TMPRSS2-ETS factor alterations described thus far (6, 7), we have focused on the expression and regulation of TMPRSS2-ERG in prostate cancer. Oncogenic functions of ETS factors, including ERG, have also been implicated in diverse cancers (8) .
Structure and function of ERG-encoded proteins remain to be defined in prostate cancer. ERG consists of 17 exons spanning about 300 kb and generates at least nine alternate splice forms, seven of them coding for protein products of varying sizes (9) . These ERG splice variants have been primarily described in nonprostate tissues. Despite the large body of data on the TMPRSS2-ERG fusion junctions in prostate cancer (reviewed in refs. 6, 7), virtually nothing is known about the full-length TMPRSS2-ERG transcripts in prostate cancer, including the existence and relative abundance of specific splice variants. In this context, it is important to note that the cancer-associated splice variants of numerous genes, e.g., androgen receptor, fibroblast growth factor receptor, survivin, and MDM2, have functional implications (10, 11) . Thus, characterization of full-length TMPRSS2-ERG transcripts is essential to better understand ERG function(s) in prostate cancer and to further enhance its utility as biomarker and therapeutic target.
In this study, we have cloned and sequenced full-length cDNAs from TMPRSS2-ERG fusion -positive prostate tumors, and from the VCaP cell line. We have identified two types of TMPRSS2-ERG cDNAs, one (type I) encoding full-length prototypical ERG protein (ERG1, ERG2, ERG3) and the other (type II) encoding a shorter version lacking the ETS domain (ERG8 and a new variant, TEPC). We have further quantified and validated the expression of these ERG splice forms in a large cohort of prostate cancer specimens. The ERG exons at the TMPRSS2-ERG fusion junction have been the subject of a number of studies (fusion junction variants; refs. 5 -7, 12 -19) . However, these exons are present in all ERG splice forms and do not identify specific splice variants. In recent in vivo models assessing the role of ERG in prostate cancer, only a type I splice variant, specifically NH 2 -terminally truncated ERG3, was tested (20, 21) . Intriguingly, the data presented here shows a more abundant expression of type II splice variants in prostate cancer cells. Our new findings on ERG splice variants in prostate cancer have promise in improving the understanding of ERG functions and its therapeutic targeting in prostate cancer, as well as in enhancing the detection of ERG alterations in clinical specimens.
Materials and Methods
Tissue specimens, laser capture microdissection, and quantitative gene expression analysis. The prostate tissue specimens used in this study were obtained from radical prostatectomy procedures under an Institutional Review Board -approved protocol at Walter Reed Army Medical Center. Laser capture microdissection (LCM) of tumor and benign epithelial cells from optimum cutting temperature -embedded frozen tissues obtained from the radical prostatectomy specimens, RNA isolation from the LCM samples, and real-time quantitative reverse transcription-PCR (TaqMan) were essentially done as described previously (4, 22) . The differentiation status of microdissected cells was recorded independently from the overall pathologic Gleason grade of the prostate, which was determined from whole-mounted, formalinfixed, paraffin-embedded prostate specimens of each patient. The small amounts of tissue specimens (f5 mm 3 ) were obtained for optimum cutting temperature embedding from radical prostatectomy specimen before whole-mount prostate processing. Selection of specimens for LCM was primarily driven by the presence of sufficient amount of tumor cells for the LCM. The predominant tumor cell type (by differentiation) present in a frozen section was microdissected. Most of the time, but not always, the predominant differentiation grade in frozen tissue section represented the prevalent differentiation grade of the tumor cells in the prostate. Overall, 88.4% of LCM samples were collected from the primary Gleason pattern of the index tumor. Because of this, we have compared the quantitative gene expression of TMPRSS2-ERG splice variants to the differentiation grade of the microdissected cells, as well as to the overall differentiation grade of the of tumor cells in the prostate. Overall conclusions were similar by two-way comparisons but an increased statistically significant relationship was noted when the gene expression ratios of ERG I/II in LCMRNAs was correlated with the differentiation grade of the LCM-dissected cells. TaqMan primers and probes are listed in the Supplementary data.
Detection of the TMPRSS2-ERG and TMPRSS2-ETV fusion transcripts was done essentially as described (5) . The different TMPRSS2-ERG fusion junction types (A, B, and C) are described in Fig. 1A in a schematic diagram. All three fusion types have been previously described (5, 19) . The expression of GAPDH was simultaneously analyzed as endogenous control, and the target gene expression in each sample (in duplicates) was normalized to GAPDH. RNA samples without reverse transcription were included as the negative control in each assay.
Generation and screening of cDNA library from prostate tumors. For the generation of the cDNA library, frozen tumor tissues from index tumors of six patients were selected based on available tissue size (over 30 mg), highest tumor cell content (over 70%), and the presence of TMPRSS2-ERG fusion transcripts by reverse transcription-PCR. Polyadenylated RNA was isolated from the optimum cutting temperatureembedded frozen tumor tissues. A cDNA library was generated from the pooled RNA (Lofstrand Laboratories) and cloned into the XhoI-EcoRI sites of lambdaZAP Express vector (Stratagene). Screening of the expression library was carried out according to the protocol described by the manufacturer (Stratagene). The primary library of about 400,000 plaques were screened by ERG2 probe (NM_004449; cDNA obtained from Dr. Dennis Watson, Medical University of South Carolina, Charleston, SC) and found 84 hybridized with different intensities. The positive plaques were further screened for the presence of TMPRSS2 fusions by fusion-specific PCR (5). A total of 12 plaques showed (9); boxes with * and **, unique regions of TEPC and ERG8, respectively. Solid lines above the exons,TaqMan primers and probes used for the detection of the ERG splice variants. B, type I transcripts code for both transactivation (SAM Pointed) and DNA-binding (ETS) domains. In contrast, type II variants lack the coding sequence for the DNA-binding domain. The relative positions coding for the two major functional domains of ERG protein are shown in type I and type II splice variants. C, columns, copy numbers of the ERG splice forms in VCaP cells determined byTaqMan quantitative reverse transcription-PCR. The median of three experiments using triplicates are shown. D, protein products expressed fromTMPRSS2-ERG2, TMPRSS2-ERG3, andTMPRSS2-ERG8 clones transiently transfected into HEK293 cells are shown by Western blot analysis. Anti-Flag antibody was used for the detection of Flag-tagged ERG8 protein.
amplification. Detailed cDNA sequence analysis revealed the presence of two types of TMPRSS2-ERG fusion transcripts. Within the positively identified plaques, three represented type I (with both SAM domain and DNA-binding ETS domain) and five type II (without ETS domain). Fusion-positive type I -and type II -containing phages were amplified with T3 and T7 primers, subcloned into TOPO vector (Invitrogen), and verified by DNA sequencing.
Cell culture and Western blot. The prostate cancer cell line VCaP, which has type A TMPRSS2-ERG fusion (5), and human embryonic kidney HEK 293 cells were obtained from the American Type Culture Collection. Cells were cultured according to the provider's instructions 5 and harvested upon confluence of 70%. RNA was isolated by RNAzol B method (Tel-Test, Inc.). TMPRSS2-ERG2, TMPRSS2-ERG3 , and TMPRSS2-ERG8 (Flag-tagged) constructs were cloned from prostate cancer cDNA library into pIRES-EGFP plasmid vector (Clontech) and were verified by DNA sequencing. HEK293 cells transfected with the constructs were lysed in M-PER mammalian protein extraction reagent (Pierce) supplemented with protease and phosphatase inhibitor cocktails (Sigma). ERG2 and ERG3 proteins were detected by Western blot (NuPAGE Bis-Tris gel, Invitrogen) using immunoaffinity-purified anti-ERG peptide polyclonal antibody prepared in our laboratory (DFHGI AQALQ PHPPE SSLYK YPSDL PYMGS YHAHP QKMNF VAPHP PAL). The tagged ERG8 protein was detected by Flag-tag antibody (Sigma).
Statistical analyses of clinical and gene expression data. Measures of central tendency (median) and dispersion (range) are used to describe continuously measured patient characteristics, whereas frequencies and percentages are used to describe categorical patient characteristics. m 2 and Fisher's exact tests were conducted to compare TMPRSS2-ERG splice variant transcript expression across patient clinical and demographic characteristics. P values <0.05 are considered statistically significant.
Results
Quantitative analysis of TMPRSS2-ERG expression in prostate tumors. Quantitative analyses of the transcript levels of various TMPRSS2-ETS fusion genes were done in LCM matched benign and tumor epithelium of prostate cancer specimens (122 patients; 244 specimens; Fig. 1A ). The demographic, clinical, and pathologic variables of the patient cohort are summarized in Supplementary Table S1 . The workflow of LCM and quantitative reverse transcription-PCR analysis is summarized in Fig. 1B . The most frequently observed TMPRSS2-ERG fusion transcript junctions (6, 7) were detected in 57% of the patients, and among these 95% expressed TMPRSS2-ERG fusion type A (Fig. 1A) . Fusions with other ETS family members, such as TMPRSS2-ETV1 or TMPRSS2-ETV4, were not detected in this cohort. No fusions were detected in matched benign prostate epithelial cells dissected from the same prostate.
Identification of full-length TMPRSS2-ERG transcripts in prostate tumors. To investigate the nature of TMPRSS2-ERGencoded proteins in prostate cancer, a cDNA library was generated from RNA pooled from six prostate tumors with Fig. 3 . Quantitative expression of ERG splice variants in prostate cancer patients. A, quantitative expression of ERG splice forms ERG8,TEPC, ERG3, and ERG1&2 (columns with different colors) were determined in microdissected tumor cells of prostate cancer patients (N = 122). The graph depicts relative expression levels (copy number/ng total RNA, normalized to GAPDH) in patients with (top, n = 66) and with no detectable (bottom, n = 56) TMPRSS2-ERG fusion A transcript junction. Due to wide dynamic range of copy numbers, the values above 5,000 are not shown here (the range of expression for each splice variant is depicted in B). In the pie chart, the percentage of prostate cancer patients are represented either with higher (f77%) or with lower (f23%) expression level of type II than type I ERG transcripts. B, relative abundance of various ERG splice forms (ERG8,TEPC, ERG3, and ERG1&2) is depicted by box plots representing the copy numbers determined in 76 prostate cancer patients overexpressing ERG. C, pie charts illustrate the distribution of prostate cancer patients with various expression levels (copy number/ng total RNA) of ERG8,TEPC, ERG3, and ERG1&2 splice forms in prostate cancer cells.
TMPRSS2-ERG fusion. Screening of the library (see flow chart in Supplementary Fig. S1 ) by both ERG and TMPRSS2 probes resulted in the identification of the following ERG splice variants: ERG1 (M21535), ERG2 (NM004449), ERG3 (NM182918), ERG8 (AY204742), and TEPC, a novel splice variant (EU432099; Fig. 2A) . ERG1, ERG2, and ERG3 contain both SAM (pointed) and ETS (DNA-binding) domain (type I); however, ERG8 and TEPC lack the ETS domain (type II; Fig.  2B ). Among the positively identified cDNA library clones, 30% were type I and 70% were type II. Both types of ERG transcripts are expressed in VCaP cells, a human prostate cancer cell line derived from vertebral metastasis that harbors TMPRSS2-ERG fusion, with the type II transcripts being more abundant (Fig. 2C) .
HEK293 cells were transiently transfected with the TMPRSS2-ERG2, TMPRSS2-ERG3, and TMPRSS2-ERG8 constructs and the expressed ERG proteins were detected by Western blot showing the expected molecular weight of type I and type II proteins (Fig. 2D) . For the detection of type I splice forms (ERG2 and ERG3), an anti-peptide polyclonal ERG antibody was used, which was developed in our laboratory. ERG8, a type II splice form, was Flag-tagged and detected by anti-Flag antibody, because ERG8 lacks part of our ERG peptide epitope.
Relative abundance of type II ERG splice forms in tumor cells of prostate cancer patients. Quantitative expression of the ERG splice variants were determined in microdissected tumor cells of 122 prostate cancer patients: 66 with TMPRSS2-ERG fusion A transcript junction and 56 with no detectable fusion A transcript (Fig. 3A) . At least two or more ERG splice variants were detectable in all TMPRSS2-ERG fusion A -positive prostate cancer patients. ERG8 and TEPC represented the most abundant ERG splice forms analyzed (Fig. 3B ) and were detected in 65 of 66 TMPRSS2-ERG fusion A expressionpositive patients (Fig. 3A) . Expression of at least two of the ERG splice forms was detected in 10 of 56 fusion A expressionnegative cases. Three of these tumors were positive for TMPRSS2-ERG fusion types B or C. It is likely that other such tumors may harbor other TMPRSS2-ERG fusion junctions. Thus, quantitative analysis of ERG splice variants, especially ERG8 and TEPC, provide a reliable surrogate for TMPRSS2-ERG fusion in prostate cancer, and in addition it detects ERG overexpression even if the fusion junction type is unknown. The order of median abundance (copies/ng total RNA) of ERG splice forms in prostate cancer cells of 76 patients with detectable ERG expression was ERG8 (f3,200) > TEPC (f1,800) > ERG3 (f1,500)> ERG1&2 (f800; Fig. 3B) . Overall, the type II splice variants (with no ETS domain) were present in higher copy numbers in prostate cancer cells than the type I splice forms ( Fig. 3B and C) , and 77% of ERG-positive prostate cancer patients tested have more copies of type II than type I splice forms (Fig. 3A) . We conclude that quantitative detection of ERG splice variants, especially ERG8 and TEPC, may provide increased sensitivity in assessing overall frequency of TMPRSS2-ERG fusions in prostate cancer cells.
Expression of ERG splice forms in relation to clinicopathologic variables of prostate cancer patients. In comparison with 
Discussion
ERG overexpression as a result of TMPRSS2-ERG fusion represents a highly prevalent oncogenic alteration in prostate cancer. Remarkable progress has been made in just over 2 years in establishing the diagnostic and prognostic features of TMPRSS2-ERG fusion in prostate cancer (6, 7) . Despite the large body of data on the TMPRSS2-ERG fusion junctions, virtually nothing is known about the full-length TMPRSS2-ERG transcripts, including the existence and relative abundance of specific splice variants in human prostate tumors. However, splice variants of numerous genes, e.g., androgen receptor, fibroblast growth factor receptor, survivin, and MDM2, are known to play critical roles in various human cancers (10, 11) .
This study establishes the nature of full-length TMPRSS2-ERG transcripts and encoded proteins in prostate cancer cells. In addition to expected full-length TMPRSS2-ERG transcripts, we have identified relatively abundant ERG splice forms with unique 3 ¶ sequences that lack a conserved region coding for the DNA binding ETS domain. Parallel quantitative analyses of ERG splice variants in precisely microdissected cells from welldefined histologic features of the tumor provided accurate data with respect to the presence, abundance, and distribution of various ERG splice forms in prostate cancer in relation with clinicopathologic status.
Monitoring the expression of ERG splice variants, we detected more prostate cancer cases than by monitoring the fusion transcript junctions, likely because unknown or undetected fusions are present in a subset of cases. Furthermore, the number of various fusion junctions in prostate cancer is far more than the number of ERG splice variants.
Recent reports revealed that specific junction types of TMPRSS2-ERG fusion transcripts, genomic deletions, or the presence of TMPRSS2-ERG fusion are associated with poor prognosis (reviewed in refs. 6, 7). However, others reported that fusion-positive tumors were associated with lower Gleason grade and/or better disease outcome (12) . In this study, we found that compared with patients with no detectable expression of ERG in their prostate cancer cells, the ERG expression -positive patient cohort has a decreased proportion of patients with high Gleason grade, poor prostate cancer cell differentiation, and African American ethnicity (N = 122). This is in agreement with our previous study on ERG expression in prostate cancer (4) . Lower or no ERG expression in a subset of aggressive tumors with TMPRSS2-ERG fusion may reflect attenuation of androgen signaling pathway during prostate cancer progression (23) . The levels of type I or type II ERG splice forms did not show significant correlations with clinicopathologic variables. It will be useful to combine multiple approaches, including quantitative assessment of TMPRSS2-ERG expression levels, evaluation of genomic rearrangements, and different types of transcripts in multicenter cohort to confirm prognostic values of qualitative and quantitative aspects of ERG alterations in prostate cancer.
The diversity of TMPRSS2-ERG fusion transcripts has recently been emphasized focusing on the fusion junction region of the transcripts (13, 14) and by using exon arrays (15) that did not allow for the discovery of the type II splice variants described here. Our results highlight the importance of understanding the expression and distribution of full-length splice forms of ERG, including variants with no DNA binding domain, in the tumor cells. Our data show a trend of correlation of relatively more type I over type II splice forms, with less favorable pathology and outcome that need to be confirmed in a larger patient cohort. The heterogeneity of TMPRSS2-ERG rearrangements in multifocal prostate cancer reported by our group and others (18, 19) further adds to the complexity of understanding the roles of ERG in prostate cancer.
In conclusion, this study establishes two major types of fulllength transcripts from the TMPRSS2-ERG locus in prostate cancer. Further, we establish the protein products translated from type I and type II transcripts. The presence of these specific ERG splice forms, especially the more abundant type II splice forms, may provide new opportunities in as prostate cancer biomarker. Finally, overall status of the type I and II forms in prostate cancer cells, such as the ratio of their expression levels, has potential to enhance our understanding of the biology of prostate tumors with TMPRSS2-ERG fusion.
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